The objective of this in vitro study was to evaluate the effect of the enamel cracks on the tooth damage during the debonding. Measurements of the cracks characteristics (visibility, direction, length, and location) were performed utilizing a scanning electron microscopy (SEM) technique and mathematically derived formulas (x=h/30, l=n*x) before and following the removal of mechanically retained metal and ceramic brackets. The likelihood of having greater extent enamel defects was higher for the teeth with pronounced cracks (odds vatios, OR=3.728), increased when the crack was located in more than one zone of the tooth (OR=1.998), and the inclination did not exceed 30-45° (OR=0.505). Using ceramic brackets the risk of greater amount tooth structure defects raised 1.45 times (OR=1.450). Enamel crack showing all these characteristics at the beginning of the orthodontic treatment and the use of ceramic brackets might predispose to higher risk of greater extent tooth surface damage after the debonding by 20.4%.
INTRODUCTION
The question how to avoid enamel surface damage during treatment with fixed appliances has become important together with the introduction of the first brackets systems. Since then, attempts have been made to provide patients with the orthodontic therapy that causes minimal undesirable changes in the enamel structure. Various enamel surface modification techniques, the protocols for teeth etching and bonding have been described in respect of the enamel damage following the removal of brackets [1] [2] [3] [4] . Even more attention has been paid to the effect of the debonding procedure on the changes in the tooth structure [5] [6] [7] [8] . However, little is known about the role of the cracks itself to the development of greater extent enamel surface defects after the removal of brackets.
The formation of the enamel cracks has generally been attributed to the abnormalities in the maturation process, occlusal forces (e.g. generated during dental attrition and abrasion), traumatic injuries (such as extraction procedure), temperature variations, and restorative processes 9, 10) . According to previously performed studies, micro-cracks can be noticed after the debonding at the end of the orthodontic treatment 11, 12) . It is presented in the existing literature that human enamel has a complex microstructure that can contribute to fracture toughness and crack growth resistance under various mechanical load conditions 13) . Previous investigations have demonstrated the behavior of the enamel micro-cracks during the debonding and showed results about the changes in the direction, length, number, and width of the cracks after the removal of metal or ceramic brackets 1, 7, 12) . Still, it has not been looked for the relationship between the specific microcracks characteristics at the beginning of the orthodontic treatment and the enamel damage during the debonding procedure.
Thus, the objective of this in vitro study was to evaluate the effect of the qualitative cracks characteristics (visibility, direction, length, and location) on the enamel surface damage during the removal of brackets. Additional aim was to observe if the predictions about the irreversible changes in the tooth structure following the debonding could be made from a set of the cracks characteristics and type of the bracket used at the beginning of the treatment.
The null hypothesis was that the qualitative microcracks characteristics (visibility, direction, length, and location) do not have any effect on the enamel damage formation during the debonding.
MATERIALS AND METHODS

Teeth selection and enamel surface evaluation
The teeth were prepared in accordance with the guidelines of the International Organization for Standardization 14) . Sixty extracted maxillary premolars were included in the final study sample. The teeth had been extracted for orthodontic reasons and were used with the patients' informed consent. The selection criteria for the teeth are given in Table 1 . All the teeth were decontaminated in 0.5% chloramine T solution and stored in distilled Enamel cracks evaluation -A method to predict tooth surface damage during the debonding Fig. 1 A graphic representation of the study protocol. Table 1 Teeth selection criteria Primary teeth selection criteria
• Intact buccal enamel surfaces with no white spots and signs of dental fluorosis.
• No pre-treatment with chemical agents (such as hydrogen peroxide).
• No previous endodontic, orthodontic, and restorative treatment.
Secondary teeth selection criteria
• Enamel cracks on the buccal enamel surface.
water that was changed weekly before preparation and testing.
Study protocol is presented in Fig. 1 . The buccal enamel surfaces of all the teeth included in the investigation were evaluated utilizing a scanning electron microscopy (SEM, Hitachi TM-1000, Japan) as described previously 12) . The SEM was operated at 15 kV, at less than 5×10 −2 Pa (electron gun vacuum) and at approximately 30-50 Pa (specimen chamber vacuum). The teeth were not coated with a conductive layer prior to SEM examination. The initial evaluation of microcracks was performed at ×50-100.
The examination of the buccal enamel surface using the SEM technique is shown in Fig. 2 . The SEM micrographs of the buccal enamel surfaces of all the teeth having micro-cracks were taken. Montages (stitching together of multiple images) of the SEM micrographs were made to reconstruct images of some larger crowns. From digital SEM micrographs, vertical height (h) of every tooth's crown was evaluated. For detailed mapping of enamel cracks, the buccal surface was divided in three zones of equal height: 1st zone -cervical third, 2nd zone -middle third, 3rd zone -occlusal third 1, 5, 12) . With a help of a constructed ruler, every zone was divided in 10 measurement areas (MA), and a total of 30 MA of every tooth were obtained. With a help of a mathematically derived formula, a measurement step (x, the distance between two MA) was quantified (Fig. 2) . Despite the existing number of enamel cracks, only the longest one was chosen and evaluated in detail. Qualitative micro-cracks characteristics were analyzed: visibility, direction, length, and location.
The direction of enamel crack was classified as: vertical (0-30° to the long axis of the crown), oblique (31-45° to the long axis of the crown), and horizontal (46-90° to the long axis of the crown). The length of the longest micro-crack was quantified with the help of a formula (Fig. 2 ). The location was specified as occlusal, middle and cervical third of the buccal tooth surface. On the basis of the visual examination of the buccal enamel surface, micro-cracks were categorized to weak (not apparent under normal room illumination but can be visualized with use of the SEM) and pronounced ones (visible with a naked eye under normal room illumination 5, 15) ). Following the initial examination with the SEM, the teeth having enamel cracks were randomly divided into two groups of 30: group 1, the teeth were bonded with metal brackets, group 2, ceramic brackets were used.
Control group was not included in the study because there was no statistical comparability.
Bonding procedure
In group 1, mechanically retained maxillary premolar metal brackets (Discovery, Dentaurum, Germany), with 0.022-inch slots were used. The average surface area of the bracket base was measured and recorded as 11.9 mm 2 . The teeth were prepared according to this protocol: etching with 34.5% phosphoric acid gel (Vococid, Voco, Germany) for 30 s, rinsing with water for 20 s, drying with air for 10 s, applying the primer (Contex Primer, Dentaurum) and curing it with light for 10 s. The bonding base of metal bracket was applied with a similar amount of resin adhesive (Transbond XT, 3M Unitek, USA), the bracket was firmly positioned on the enamel surface with the help of bracket holding tweezer, and the excess adhesive was removed from around the base of the bracket with an explorer, this way ensuring uniform resin adhesive thickness. The light-cure adhesive was polymerized for 20 s (10 s from each proximal side) using a halogen light (Mini L.E.D., Satelec).
In group 2, maxillary premolar ceramic brackets (Clarity, 3M Unitek) with mechanical bases and 0.022-inch metal slots were used. The average base area was 11.83 mm 2 . All the teeth were bonded according to the same procedure that was described for group 1.
After bonding, all the teeth were placed in distilled water at 37°C and stored for 24 h prior to testing 14) .
Debonding procedure Debonding of metal brackets was carried out with conventional Utility/Weingart (Dentaurum) pliers by hand. The mesio-distal edges of the bracket wings were squeezed gently until the bracket was removed 5) . Ceramic brackets were removed with the help of Debonding instrument (3M Unitek) on the basis of the manufacturers' recommendations. The pliers were placed against the mesial and distal sides of the bracket and were positioned symmetrically against the labial surface of the bracket to optimize contact surface area. The instrument was gently squeezed until the bracket collapsed, then was gently rocked in the mesial-distal direction until the bracket became completely separated from the enamel. All metal and ceramic brackets were removed by the operator having seven year experience in clinical orthodontic practice and who has already participated in similar studies.
All visible residual adhesive was carefully removed from the surface of the teeth using a slow-speed handpiece and a carbide-finishing bur, under normal clinical conditions 16) . Light movements of the bur were used in order not to scratch the enamel. Water cooling was not employed when the last remnants were removed, and polishing instruments were not utilized. Following the debonding, the enamel surface was reevaluated with the SEM as described previously.
Measurement error was tested and parameters were presented in the earlier published study 12) .
Statistical analysis
Statistical analysis was carried out using the Statistical Package SPSS 17.0. Binary logistic regression was applied to predict the extent of tooth damage following the removal of brackets from a set of the cracks characteristics and type of the bracket used. Calculated length values of the cracks represented enamel surface defects after the debonding. Dependent variable was length of the crack, which was converted from continuous scale to nominal, using variance analysis of continuous values [(0.24 thru 2.16=1) (2.17 thru 9.16=2); 1-small/low, 2-large/high]. Four independent variables (direction, location, visibility, and bracket type) were included in the model. To visualize their impact on the extent of tooth damage following the debonding, mosaic charts were utilized 17) . Statistical significance was based on p values and 95% confidence interval. Occlusal, middle, and cervical third -100.0 * Just few enamel micro-cracks were located in one zone, except for the middle third, and most of them were observed in two or three zones. Thus, during the statistical analysis four groups were composed to represent common location alternatives for the precise statistical evaluation. 
RESULTS
Impact of four different factors (direction, location, visibility of the micro-crack, and bracket type) on the extent of enamel surface damage during the removal of brackets is presented in Table 2 . The location of the enamel micro-crack had significant effect on the extent of tooth damage during the debonding procedure (OR=1.998; p<0.05). The odds of greater undesirable changes in the enamel microstructure following the removal of brackets were higher for the micro-cracks located in more than one zone of the tooth. 34.8-50.0% of the cracks occupying two neighboring zones and 100% of the cracks that extended through the whole buccal tooth surface predisposed to the increase in the risk of greater amount tooth damage after the debonding (Table 3) . For an additional millimeter in the distance (i.e., length of the micro-crack), the odds of Fig. 3 A mosaic chart.
The relationship between the extent of enamel damage after the debonding and visibility of the micro-crack. greater enamel damage were higher by a factor of 1.998 (99.8%), that is, statistically significantly almost doubled the risk of greater extent tooth structure defects. The direction of the micro-crack did not lead to significant changes in the enamel structure after the debonding (OR=0.505; p>0.05). A more detailed evaluation showed that 52.1% of vertical and 42.9% of oblique cracks predisposed to higher risk of greater extent tooth surface damage following the removal of brackets (Table 4) . For 1% degree more inclined enamel micro-cracks, the odds of greater undesirable changes in the enamel structure decreased by a factor of 0.505 (49.5%).
Visibility of the crack had a huge and statistically significant effect on the amount of tooth damage during the debonding (OR=3.728; p<0.05). The odds of greater enamel damage were lower for weak micro-cracks. 32.4% of weak cracks and 56.6% of pronounced ones led to the increase in the risk of greater extent tooth surface defects formation (Fig. 3) . For more pronounced cracks, the odds of the undesirable changes in the enamel structure were higher by a factor of 3.728, thus, almost four times increased the risk of greater amount tooth damage after the removal of brackets.
Bracket type showed having an impact on the extent of enamel structure defects following the debonding (OR=1.450; p>0.05). 40.4% of the teeth bonded with metal and 58.3% with ceramic brackets predisposed to the increase in the risk of greater amount enamel surface damage after the removal procedure (Fig. 4) . Using ceramic brackets, the odds of having greater extent tooth structure defects increased by a factor of 1.450 (45%).
The coefficient of determination (Nagelkerke R 2 =0.204) presented that all four independent variables had an impact on the extent of enamel damage after the debonding by ~20.4%, the null hypothesis was rejected.
DISCUSSION
The study aimed at the evaluation of the effect of the micro-cracks on the enamel damage during the removal of brackets. Additional objective was to observe if the predictions about the irreversible changes in the tooth structure following the debonding could be made from a set of the cracks characteristics and type of the bracket used at the beginning of the treatment.
Location (occlusal, middle and cervical third) and visibility (weak and pronounced) of the crack were two independent variables that statistically significantly increased the risk of greater amount enamel surface defects after the removal of brackets. Analysis of the obtained results showed that 34.8-50.0% of the microcracks located in two neighboring zones (occlusal and middle third or middle and cervical third) or extending through the whole buccal tooth surface (occlusal, middle and cervical third) could double the possibility of the undesirable changes in the enamel structure following the debonding. It seems that occlusal and cervical parts of the tooth surface, but not the middle one, are more prone to damage during the removal of brackets. According to the existing literature, after the debonding the greatest irreversible changes in the tooth structure occur in the cervical third of the buccal tooth surface, then followed by occlusal third 2, 12, 15, 18) . The higher risk to develop damage in these zones might be related with the mechanical properties (hardness, elastic modulus, and fracture toughness) of human enamel 19, 20) . Visibility of the enamel micro-crack was the characteristic that predisposed to the highest risk of greater extent enamel damage formation following the removal of brackets. 56.6% of pronounced and 32.4% of weak cracks led to the increase in the possibility of greater amount tooth surface defects. Despite the fact that nowadays more and more patients notice enamel cracks and wonder about their effect on the tooth structure, the characteristics of the pronounced microcracks are poorly described in the literature. Just few facts are known about the changes in the number after the debonding 7) . The results of our study revealed that for more pronounced cracks, the odds of the undesirable changes in the enamel structure were higher by a factor of 3.728, thus, almost four times increased the risk of greater amount tooth structure defects after the removal of brackets. So the effect of these cracks on the enamel damage following the debonding should not be neglected and further studies are necessary for more detailed evaluation of the pronounced micro-cracks characteristics.
Examination of the direction parameter showed that this independent variable did not lead to significant changes in the enamel structure after the debonding. A more detailed analysis revealed that 52.1% of vertical and 42.9% of oblique cracks predisposed to higher risk of greater extent tooth damage following the removal of brackets. Previous investigations have demonstrated that horizontal micro-cracks possessed high risk of underlying pathology 21) . Thus, it was surprising to see that in our study horizontal cracks were related with low possibility of higher amount enamel defects. The difference in the results can be explained by several reasons. First of all, during the evaluation of the teeth with the SEM, we have found only two horizontal microcracks that were included in the further investigation; sample size was not enough to examine the behavior of horizontal cracks. Secondly, in other cases, where several cracks of different directions were observed, horizontal cracks were left aside because they were not the longest ones. Vertical micro-cracks showed the highest length values.
During the evaluation of the effect of the bracket type on the extent of enamel damage following the debonding, it was noticed that 40.4% of the teeth bonded with metal and 58.3% with ceramic brackets predisposed to higher risk of greater amount tooth structure defects after the removal procedure. Previous studies analyzing the impact of the debonding on the enamel have not come to one common conclusion yet. Thus, the results vary from no enamel damage after the removal both types of brackets, to 20.0-40.0% of the teeth with new enamel cracks following the debonding (25.0-40.0% after the removal of metal and 20.0-35.0% -ceramic brackets), and finally, to equal risk of tooth structure defects when debonding both types of brackets 4, 5, 11, 12, 22) . However, according to our obtained results, using ceramic brackets, the odds of having greater extent tooth structure defects increased by a factor of 1.450 (45%).
CONCLUSION
Enamel micro-cracks characteristics (visibility, location, and direction) and bracket type predisposed to higher risk of greater amount tooth surface damage following the debonding by 20.4%. This shows that many factors are related with the formation of the enamel structure defects during the orthodontic therapy with fixed appliances and existing before treatment micro-cracks are one of them. Although the exact role of other possible factors is not known, the results of our study might help getting closer to making predictions of the irreversible changes in the tooth structure at the beginning of the orthodontic treatment.
